Abstract. Oscillatory positive expiratory pressure (OPEP) devices have been utilized as an adjunct therapy to conventional chest physiotherapy (CPT) to promote the clearance of respiratory secretions in individuals with impaired ability to cough, particularly in chronic diseases. However, few studies have focused on the effectiveness of OPEP in lower respiratory tract infection. In the present study, all patients with lower respiratory tract infections hospitalized in the Department of Pulmonary and Critical Care Medicine, Ruijin Hospital (Shanghai, China) between February 2016 and July 2017 were analyzed. Daily sputum quantity and purulence were recorded on the first 7 days of physiotherapy. Oxygenation index, partial pressure carbon dioxide, white blood cell count, neutrophil percentage, C reactive protein (CRP) and procalcitonin (PCT) levels before and after CPT were compared between patients who received OPEP and patients who received mechanical percussion (MP). Sputum was collected prior to and following CPT. A total of 17 patients received OPEP, while 10 received MP. The OPEP group exhibited improved postural drainage compared with the MP group after 7 days of physiotherapy. After 7 days of CPT, patients who received OPEP also exhibited a significantly improved oxygenation index, while the oxygenation index in the MP group did not improve. The improvement of partial pressure carbon dioxide was not significantly different between groups. The OPEP group also exhibited a greater decrease in white blood cell count, neutrophil percentage and CRP levels, compared with the MP group. However, the decrease in PCT level was similar in the OPEP and MP groups. Sputum culture results revealed that the rate of negative conversion was very low in both groups. There was no difference between the two groups in terms of hospitalization outcomes. In conclusion, OPEP exhibited a greater effectiveness in draining sputum, improving oxygenation and reducing inflammatory status in patients with lower respiratory tract infections compared with MP; however, it did not promote the elimination of microbes.
Introduction
Chest physiotherapy (CPT) is commonly used to improve the mobilization and removal of airway secretions in patients with respiratory dysfunction (1) . In recent years, oscillatory positive expiratory pressure (OPEP) devices have been used to assist airway clearance (2) .
OPEP therapy was first developed and described in Switzerland, as an adjunct or supplement to traditional airway clearance methods (2) . The theoretical benefit of positive expiratory pressure (PEP) therapy is the ability to enhance and promote mucus clearance by either preventing airway collapse by stenting the airways (3), or increasing intrathoracic pressure distal to retained secretions by collateral ventilation, or by increasing functional residual capacity (4) . OPEP combines the benefits previously described for PEP with airway vibrations or oscillations, which has been described as a 2-fold effect in airway clearance (5) .
Konstan et al (6) demonstrated that OPEP was more effective compared with conventional techniques in clearing mucus from the airways of patients with cystic fibrosis. Girard and Terki (7) found significant improvements in forced expiratory volume in one second, forced vital capacity and peak expiratory flow with daily OPEP use in patients with asthma. OPEP was also demonstrated to be effective in clearing mucus from the airways in panbronchiolitis (8) . The clinical effectiveness and high level of acceptance by patients make the OPEP devices widely popular (9) .
However, the use of OPEP devices remains limited in chronic airway diseases including cystic fibrosis, bronchiectasis, bronchitis, bronchial asthma and primary ciliary dyskinesia syndrome. Few studies have focused on the effectiveness of OPEP in lower respiratory tract infection (10,11).
Another CPT method, the mechanical percussion (MP), is more frequently used in patients with lower respiratory tract infections (12) . Mechanical chest percussors are machines constructed to imitate the manual clapping of the therapist. Ideally, these machines allow individual setting of frequency and intensity of percussion and are stable and lightweight for use by the patient him/herself (12) . The therapeutic efficacy of these machines is not superior to a well-administered manual treatment (13) ; however, they relieve some of the physical strain of a treatment session. Another advantage of mechanical percussors is their potential use for self-administered therapy (12) .
In the present study, the effectiveness of the use of OPEP was evaluated in patients with lower respiratory tract infection in the Respiratory Intensive Care Unit of Ruijin Hospital (Shanghai, China).
Materials and methods
Patients and physiotherapy methods. The present study was performed in the Respiratory Intensive Care Unit of Ruijin Hospital, ranked 4th in China, according to the China Hospital Ranking from the Hospital Management Institute of Fudan University (http://rank.cn-healthcare. com/rank/profession-total-best). Ethical approval was received from the Ethics Committee of Ruijin Hospital to protect the confidentiality of patients and service user information and to enable appropriate information sharing. Full ethical approval was not required as all data were routinely recorded as part of standard clinical care.
The present study retrospectively reviewed electronic medical records of all patients from February 2016 to July 2017. Patients were selected if the diagnosis matched the following International Classification of Diseases, 10th Revision (ICD-10) codes for lower respiratory tract infection: Pneumonia (J12-18), acute bronchitis (J20), acute bronchiolitis (J21), unspecified acute lower respiratory infection (J22), bronchitis, not specified as acute or chronic (J40), influenza (J10 and J11), other chronic obstructive pulmonary disease with acute lower respiratory tract infection/acute exacerbation, unspecified (J44), whooping cough (A37), Legionnaires' disease (A48) or Chlamydia psittaci infection (A70), and were treated with MP or OPEP. Patients were excluded if they were not tolerant for at least 7 days of CPT or if they were not able to correctly independently use OPEP device.
CPT was initiated when patients were clinically stable. Patients were considered as clinically stable when the following criteria were met: i) Did not need invasive ventilation; ii) use time <12 h/day if noninvasive ventilation was needed; iii) vasoactive drugs were not required; iv) arterial pH >7.25; v) body temperature <37.5˚C.
The mechanical chest percussion was also initiated when patients were clinically stable. The mechanical chest percussor (G5 ® Therassist ® ; Mettler Electronics Corp., Anaheim, CA, USA) was used to perform mechanical percussion for 10 min 4 times a day. A nurse was responsible for the correct use and good tolerance.
The Acapella ® OPEP device (Green-DH model; Smiths Medical International, Ltd., Minneapolis, MN, USA) was used. This device uses a counterweighted plug and a magnet to create airflow oscillations during expiratory flow. Patients were instructed to use the Acapella device a minimum of 5 times a day for at least 5 min. As the tolerance of the patients increased, the PEP was gradually increased (14) .
Measurements and outcomes.
Patient baseline demographics and physiological characteristics were recorded. The daily sputum quantity and purulence were recorded on the first 7 days of CPT. Mucus sputum, mucopurulent sputum and purulent sputum were scored as 1, 2, and 3 respectively. C reactive protein (CRP), procalcitonin (PCT), oxygenation index, arterial blood gas (ABG) analysis [including partial pressure (Pa)O 2 , PaCO 2 and pH], white blood cell count (WBC) and neutrophil percentage were performed by the hospital and recorded on 1 day before and 7 days after physiotherapy. The pre-and post-treatment differences were compared between the MP and OPEP groups. Sputum culture results before MP group, one lower respiratory tract infection comorbid with diffuse panbronchiolitis and one lower respiratory tract infection comorbid with motorneuron disease; OPEP group, one lower respiratory tract infection comorbid with idiopathic pulmonary fibrosis and two lower respiratory tract infections comorbid with diffuse panbronchiolitis. MP, mechanical percussion; OPEP, oscillatory positive expiratory pressure; AECOPD, acute exacerbation of chronic obstructive pulmonary disease; APACHE, Acute Physiology and Chronic Health Evaluation; WBC, white blood cell count; CRP, C reactive protein; PCT, procalcitonin; n, number; PaCO 2 , partial pressure carbon dioxide. and ≥7 days after physiotherapy were collected. Outcomes regarding hospitalization, including mortality, use of mechanical ventilation among survivors, stay in intensive care among survivors, and the length of hospitalization among survivors were also compared between the MP and OPEP groups.
Statistical analysis. Continuous variable data, including age, Acute Physiology and Chronic Health Evaluation (APACHE) II score, oxygenation index, arterial pH, PaCO 2 , WBC, neutrophil percentage, CRP, PCT, duration of invasive mechanical ventilation, duration of hospital stay, stay in intensive care and length of hospitalization among survivors are presented as the mean ± standard deviation. Categorical variable data, including sex, diagnosis and mechanical ventilation, are presented as numbers. Sex, diagnosis, mechanical ventilation strategy, mortality during hospital stay, intensive care unit mortality and the sputum scores were compared between treatments groups using a χ 2 test or a Fisher's exact test, as appropriate. Normally distributed data, including age, APACHE II score, oxygenation index, arterial pH, PaCO 2 , WBC and neutrophil percentage were analyzed using a Student's t-test, and non-normally distributed data, including CRP and PCT were analyzed using a Mann-Whitney U test. P<0.05 was considered to indicate a statistically significant difference. Analyses were performed using SPSS software (v.20.0; IBM Corp., Armonk, NY, USA).
Results
A total of 86 patients with lower respiratory tract infections were hospitalized in the Department of Pulmonary and Critical Care Medicine, Ruijin Hospital between February 2016 and July 2017, 17 of whom received OPEP and 10 received MP. The baseline characteristics of the 27 patients enrolled in the present study, including diagnosis, and mechanical ventilation method and duration are presented in Table I .
The APACHE II score, oxygenation index, arterial pH, WBC, neutrophil percentage, and CRP and PCT levels were all similar in the OPEP and MO groups at baseline, while PaCO 2 was significantly higher in the OPEP group (P=0.048; Table I ). The majority of patients were diagnosed with severe pneumonia without chronic respiratory disease. A total of 2 patients in the MP group and 4 in the OPEP group were diagnosed with acute exacerbation of chronic obstructive pulmonary disease, and 2 patients in the OPEP group were diagnosed with bronchiectasis, which may explain the increased PaCO 2 level in the OPEP group. A total of 4 patients in the MP group and 5 patients in the OPEP group were incubated and ventilated during hospitalization. The duration of invasive ventilation was similar between the groups. A total of 4 patients in the MP group and 5 patients in the OPEP group underwent non-invasive ventilation.
The daily sputum quantities were presented in Fig. 1A . Sputum quantities in the MP group declined gradually during the first 7 days of physiotherapy, while that in the OPEP group peaked after 2-3 days of OPEP, then sharply decreased. On day 7, the sputum quantity of the OPEP group was significantly smaller compared with the MP group (P=0.001). Sputum purulence 7 days after CPT slightly improved in both groups (Fig. 1B) .
After 7 days of CPT, the oxygenation index of patients in the OPEP group increased from 223±86 to 322±89 (P= 0.003), while that of the MP group, which had a similar level of oxygenation index at baseline, only increased to 299±117 (P= 0.053; Fig. 2 and Table II ). However, PaCO 2 levels did not alter significantly in either the MP or OPEP group following physiotherapy ( Fig. 3A ; Table II) , even in patients with a baseline PaCO 2 level higher than the normal reference range (4.67-6.00 kPa; Fig. 3B ) (15) .
The WBC declined from 10.89±4.25x10 9 to 8.80±2.92x10 9 /l (P=0.003) in the OPEP group after CPT; however, it remained unaltered in the MP group (P= 0.915; Fig. 4 ; Table II) . Consistently, the neutrophil percentage also significantly decreased in the OPEP group (P= 0.0002), but not in the MP group (P= 0.159). CRP is an inflammatory biomarker (16) and the CRP level in the OPEP group decreased significantly after CPT compared with the baseline level (P=0.047; Fig. 5 ; Table II) ; no alteration was evident in the MP group. However, Table II . Measurements before and after chest physiotherapy. the expression level of PCT, a biomarker of infection, did not alter significantly in either group ( Fig. 5 ; Table II) . Sputum culture results demonstrated that the elimination of microbes was not associated with the method of CPT (Table III) . The rate of sputum culture negative conversion was low in both the OPEP group (4/17) and the MP group (3/10). There was no difference in the duration of hospital stay, the rate of mortality in hospital, the duration of stay in intensive care among survivors or the length of hospitalization among survivors between the two groups (Table IV) .
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Discussion
CPT is considered a standard method used for the mobilization and removal of airway secretions in patients with respiratory dysfunction, particularly chronic lung disease including (17) . Airway clearance is achieved by postural drainage, manual chest percussion, vibration and compression, and directed coughing. Recently, on the basis of CPT, OPEP devices have been used to assist with airway clearance (5, 9) . OPEP is a combination of PEP therapy and oscillation. PEP works by shifting the equal pressure point peripherally to maximize airflow and to prevent dynamic airway collapse (9) . This increases expiration time and alveolar ventilation, and facilitates gas exchange (9) . Oscillations decrease the viscoelastic properties of mucus, making it easier to mobilize mucus in the airways, allowing short bursts of increased expiratory airflow that assist in mobilizing secretions up the airways (5).
Acapella and Flutter are the two most commonly used OPEP devices (18, 19) . Volsko et al (18) found that Acapella and Flutter exhibit similar operating performance characteristics in terms of pressure amplitude and frequency. The performance of Acapella is not dependent on device and/or patient orientation and, therefore, it may be easier to use for certain patients, particularly those with lower expiratory flow (19) . Acapella comes in 3 models: Green, for patients with expiratory flow >15 l/min; blue, for patients with expiratory flow <15 l/min, and Choice, which can be disassembled into 4 easy to clean parts that can withstand autoclaving, boiling or dishwashing (20) .
Previous studies have demonstrated the efficacy of OPEP in chronic diseases with impaired secretion clearance and expectoration (6) (7) (8) 19) . However, to the best of the authors' knowledge, no cohort study focused on the efficacy of OPEP in respiratory infectious disease. The use of OPEP for patients with H1N1 was only reported in one case report (10) . In the aforementioned case report it was shown that with the use of Acapella, the patient was easily able to clear airway secretions, and chest radiography revealed consistent daily improvement and resolution of signs of atelectasis within a week.
In the present study, a single center experience of the use of OPEP in lower respiratory tract infection was reported. Sputum quantity curve indicated that OPEP was more effective for sputum clearance compared with MP following 7 days of treatment. The effectiveness of OPEP in sputum clearance has been confirmed by numerous studies regarding OPEP in chronic airway diseases (5, (18) (19) (20) . The present study indicated that OPEP also exhibited a similar effectiveness in acute respiratory infection.
OPEP is considered to be able to maximize airflow, increase expiratory time and alveolar ventilation, and facilitate gas exchange (9) . However, in the present study, OPEP improved the oxygenation index but not the PaCO 2 levels compared with the MP treatment. Considering that the majority of patients enrolled in the present study did not have chronic obstructive respiratory disease, the improvement in oxygenation index was likely due to the amelioration of inflammation status. The amelioration of inflammation status was indicated by the decreased WBC, neutrophil percentage and CRP levels in the OPEP group following physiotherapy compared with the MP group. However, OPEP was not more effective on PCT decrease or sputum culture negative conversion compared with MP, indicating that OPEP did not directly promote the elimination of microbes.
The limitations of the present study include its retrospective nature. All data were collected from electronic medical records. Oxygenation index, ABG, WBC and neutrophil data were collected daily, while CRP, PCT and sputum culture data were not. The small sample size also limited the reliability of the present study and was primarily due to economic reasons, as Acapella is not covered by social health insurance, and is bought by the patients themselves. In spite of these limitations, this is the first study to investigate the efficacy of OPEP in lower respiratory tract infection. A prospective study with a larger sample size is required to validate these findings. Finally, the present study investigated the effectiveness of OPEP for short duration. Further studies are required to establish the long-term clinical effects of OPEP therapy.
Overall, OPEP exhibited a greater effectiveness compared with MP to drain sputum, improve oxygenation and reduce inflammation in patients with lower respiratory tract infection. However, it did not directly promote the elimination of microbes.
